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Layer 5 pyramidal neurons (L5PNs) in the mouse prefrontal cortex respond to serotonin (5-
HT) according to their long-distance axonal projections; 5-HT1A (1A) receptors mediate
inhibitory responses in corticopontine (CPn) L5PNs, while 5-HT2A (2A) receptors can
enhance action potential (AP) output in callosal/commissural (COM) L5PNs, either directly
(in “COM-excited” neurons), or following brief 1A-mediated inhibition (in “COM-biphasic”
neurons). Here we compare the impact of 5-HT on the excitability of CPn and COM
L5PNs experiencing variable excitatory drive produced by current injection (DC current
or simulated synaptic current) or with exogenous glutamate. 5-HT delivered at resting
membrane potentials, or paired with subthreshold depolarizing input, hyperpolarized CPn
and COM-biphasic L5PNs and failed to promote AP generation in COM-excited L5PNs.
Conversely, when paired with suprathreshold excitatory drive generating multiple APs,
5-HT suppressed AP output in CPn L5PNs, enhanced AP generation in COM-excited
L5PNs, and generated variable responses in COM-biphasic L5PNs. While COM-excited
neurons failed to respond to 5-HT in the presence of a 2A receptor antagonist, 32% of
CPn neurons exhibited 2A-dependent excitation following blockade of 1A receptors. The
presence of pharmacologically revealed 2A receptors in CPn L5PNswas correlatedwith the
duration of 1A-mediated inhibition, yet biphasic excitatory responses to 5-HT were never
observed, evenwhen 5-HTwas pairedwith strong excitatory drive. Our results suggest that
2A receptors selectively amplify the output of COM L5PNs experiencing suprathreshold
excitatory drive, while shaping the duration of 1A-mediated inhibition in a subset of CPn
L5PNs. Activity-dependent serotonergic excitation of COM L5PNs, combined with 1A-
mediated inhibition of CPn and COM-biphasic L5PNs, may facilitate executive function by
focusing network activitywithin cortical circuits subserving themost appropriate behavioral
output.
Keywords: serotonin, 5-HT2A receptor, 5-HT1A receptor, prefrontal cortex, executive function, pyramidal neuron,
mouse
INTRODUCTION
The prefrontal cortex (PFC) provides “top-down” executive con-
trol of behavior, and prefrontal processing is profoundly influ-
enced by a variety of neuromodulatory transmitters, including
serotonin (5-HT; for review, see Robbins and Roberts, 2007; Puig
and Gulledge, 2011). Deficits in serotonergic input to the PFC
impair executive control in rats (Geyer et al., 1976; Winstanley
et al., 2004a; Koot et al., 2012), monkeys (Clarke et al., 2004, 2005),
and humans (LeMarquand et al., 1998; Worbe et al., 2014), as
typified by inappropriate response selection, impulsivity, and/or
perseverative behavior. Serotonergic mechanisms in the PFC are
also implicated in episodic (Bekinschtein et al., 2013) and working
(Williams et al., 2002) memory.
Cortical neurons respond to 5-HT primarily through three
postsynaptic receptor subtypes, metabotropic Gi/o-coupled 5-
HT1A (1A) and Gq-coupled 5-HT2A (2A) receptors that are
expressed in subpopulations of excitatory (pyramidal) and
inhibitory (non-pyramidal) cortical neurons, and ionotropic
5-HT3 receptors preferentially expressed in subpopulations of
non-pyramidal neurons (Morales and Bloom, 1997; Willins et al.,
1997; Aznar et al., 2003; Puig et al., 2004, 2010; Santana et al., 2004;
Lee et al., 2010; Weber and Andrade, 2010). In cortical pyrami-
dal neurons, postsynaptic 1A and 2A receptors mediate opposing
inhibitory and excitatory responses, respectively (for review, see
Puig and Gulledge, 2011), and are directly implicated in a vari-
ety of psychiatric diseases. For instance, 1A receptor density in
the human PFC is inversely correlated with anxiety (Tauscher
et al., 2001), while 1A agonists have anxiolytic and antidepressant
effects (Goldberg and Finnerty, 1979; Feighner and Boyer, 1989;
Akimova et al., 2009; Hesselgrave and Parsey, 2013). On the other
hand, excessive activation of cortical 2A receptors contributes
to the etiology of schizophrenia (Geyer and Vollenweider, 2008;
Benekareddy et al., 2010), and 2A receptors are preferred targets
for atypical antipsychotics (Meltzer et al., 1989; González-Maeso
and Sealfon, 2009) and hallucinogens (Willins and Meltzer, 1997;
Vollenweider et al., 1998). However, little is known regarding how
cortical 1A and 2A receptors interact to facilitate normal cognitive
function.
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Layer 5 pyramidal neurons (L5PNs) are a major source of
output from the PFC to distal cortical and subcortical brain
regions. While many cortical pyramidal neurons express both
1A and 2A receptors (Ashby et al., 1994; Amargós-Bosch et al.,
2004; Béïque et al., 2004; Santana et al., 2004; We¸dzony et al.,
2008; Moreau et al., 2010), most display purely inhibitory or
excitatory responses to 5-HT (Davies et al., 1987; Araneda and
Andrade, 1991; Tanaka and North, 1993; Foehring et al., 2002;
Zhong and Yan, 2011), although biphasic responses involving
both receptor subtypes also occur (Araneda and Andrade, 1991;
Puig et al., 2005). We recently revealed that, in the mouse medial
prefrontal cortex (mPFC), the direction of serotonergic mod-
ulation of L5PNs is correlated with their long-distance axonal
projections (Avesar and Gulledge, 2012). 5-HT, acting at 2A
receptors, selectively excites callosal/commissural (COM) projec-
tion neurons that innervate the contralateral cerebral hemisphere.
While most COM neurons show a purely excitatory response
to 5-HT (“COM-excited” neurons), a subpopulation of COM
neurons respond to 5-HT with biphasic responses in which
1A-mediated inhibition is followed by 2A-dependent excitation
(“COM-biphasic” neurons). On the other hand, 5-HT generates
only 1A-dependent inhibition in brainstem-projecting cortico-
pontine (CPn) neurons. Here we have tested the interaction
of 5-HT receptors in COM and CPn L5PNs experiencing vari-
able extrinsic excitatory drive. Our results suggest that selective,
activity-dependent serotonergic regulation of cortical projection
neurons may facilitate executive function by focusing network
activity in circuits subserving the most appropriate behavioral
output.
MATERIALS AND METHODS
ANIMALS
Experiments involved C57BL/6J (6-to-8-week-old) male and
female mice according to methods approved by the Institutional
Animal Care and Use Committee of Dartmouth College.
RETROGRADE LABELING
Red or green fluorescent beads (Retrobeads, Lumafluor Inc.) were
injected unilaterally into either the prelimbic cortex (to label COM
neurons) or the pons (to label CPnneurons) using age-appropriate
coordinates (Paxinos and Franklin, 2004). Animals were anes-
thetized throughout surgeries with vaporized isoflurane (∼2%).
Following craniotomy, a microsyringe was lowered into the brain
region of interest, and 300–700 nL of undiluted Retrobead solu-
tion was injected over a 10 min period. Animals were allowed to
recover from surgery for at least 72 h before use in electrophysio-
logical experiments. The location of dye injection was confirmed
post hoc in coronal sections of the mPFC or brainstem.
SLICE PREPARATION
Following isoflurane anesthesia and decapitation, brains were
quickly removed into artificial cerebral spinal fluid (ACSF) con-
taining, in mM: 125 NaCl, 25 NaHCO3, 3 KCl, 1.25 NaH2PO4, 0.5
CaCl2, 6 MgCl2, and 25 glucose, saturated with 95% O2/5% CO2.
Coronal brain slices (250 μm thick) of the mPFC were cut using
a Leica VT 1200 slicer and stored in a chamber filled with ACSF
containing 2 mM CaCl2 and 1 mM MgCl2. Slices were stored at
35◦C for ∼45 min, then kept at room temperature for up to 8 h
prior to use in experiments.
ELECTROPHYSIOLOGY
Slices were transferred to a recording chamber continuously per-
fused with oxygenated ACSF at 35–36◦C and visualized with an
Olympus BX51WI microscope. Whole-cell current-clamp record-
ings of L5PNs were made with patch pipettes (5 – 7 M) filled
with, in mM, 135 K-gluconate, 2 NaCl, 2 MgCl2, 10 HEPES, 3
Na2ATP, and 0.3 NaGTP (pH 7.2 with KOH). Epifluorescence illu-
mination (Cairn Research; 470 or 530 nm LEDs) was used to
identify labeled COM or CPn neurons in the prelimbic cortex for
whole-cell recording. CPn neuron somata are exclusively found in
layer 5, while COM neurons reside in both layers 5 and 2/3 (Mor-
ishima and Kawaguchi, 2006). In targeting layer 5 COM neurons
along the narrowing dorsal–ventral axis of the medial cortex, we
targeted COM neurons in the lateral half of labeled neurons (at
least 250 μm from the pia) but above layer 6, as identified by
higher-density somata and the presence of “inverted” pyramidal
neurons (Van Brederode and Snyder, 1992). Data were acquired
with Axograph software (Axograph Company) using a BVC-700
amplifier (Dagan Corporation) and an ITC-18 digitizer (HEKA
Instruments). Membrane potentials were sampled at 25 kHz, fil-
tered at 5 kHz, and corrected for a liquid junction potential of
+12 mV.
5-HT (100 μM) was dissolved in ACSF and loaded into a
patch pipette placed ∼50 μm from the targeted soma. After
whole-cell break-in, neurons were initially classified as 5-HT-
“inhibited,” “excited,” or “biphasic” based on their response to
5-HT (delivered for 1 s at ∼10 PSI) during periods of contin-
uous AP generation (∼6 Hz) evoked by DC current injection
through the recording electrode. Neurons referred to as “COM-
excited” or “COM-biphasic” were classified based on this initial
response to 5-HT alone, regardless of their responsiveness to
5-HT during other manipulations (e.g., 5-HT responses gen-
erated at resting membrane potentials; RMPs). Serotonergic
inhibition was quantified as the duration of AP cessation, while
excitatory responses were quantified as the peak increase in
instantaneous spike frequency (ISF) relative to the average base-
line firing frequency. Biphasic 5-HT responses were defined as
a brief inhibition lasting at least 10 times the average base-
line interspike interval, followed by an increase in AP frequency
of at least 1 Hz. In some experiments, 5-HT receptors were
selectively blocked with 1A (WAY 100635, 30 nM; Sigma–
Aldrich) and/or 2A (MDL 11939, 500 nM; Tocris Bioscience)
antagonists.
Somatic current injection was used to simulate excitatory
synaptic input. The synaptic current waveform was modeled in
NEURON (freely available at http://www.neuron.yale.edu) using
a ball and stick “pyramidal” neuron with AMPA conductances
(exponential rise and decay of 0.2 and 2 ms, respectively, a
500 pS maximum conductance, and reversing at 0 mV) placed
at 1 μm intervals along a 1000 μm-long spiny dendrite (as
in Gulledge et al., 2012). Synaptic currents generated by activa-
tion of all synaptic inputs at randomized timings twice within
the 1500-ms-long simulation were recorded with a simulated
voltage clamp (−70 mV) at the soma. The resulting current
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waveform was loaded into Axograph and used as a template
for somatic current injections. Because of intrinsic cell-to-cell
variability in input resistance and excitability, for each neuron
the synaptic waveform was scaled in amplitude to generate ∼7
APs during baseline trials. The simulated synaptic current was
then delivered 29 times at 3 s intervals, the exception being the
sixth trial which was delayed 3 s due to application of 5-HT
(100 μM, 1 s).
In other experiments, exogenous glutamate (1 mM; dis-
solved in ACSF) was focally applied from a patch pipette posi-
tioned near the proximal apical dendrite (∼50 μm from the
soma). Depending on the experiment, the duration of glu-
tamate puffs (8 to 20 ms duration) were adjusted (in 1 ms
increments) to generate “just-subthreshold” (i.e., the maximum
puff duration failing to generate APs) or reliably suprathresh-
old responses producing one or more APs. Single applications,
or bursts of 5 applications (at 200 ms intervals), were deliv-
ered twenty times at 0.05 Hz, and 5-HT (100 μM, 1 s) applied
from a second patch pipette midway between the fifth and sixth
trials.
STATISTICAL ANALYSES
Data are presented as mean ± SEM. Comparisons across cell
groups utilized one-way ANOVAs (with Bonferroni or Tukey-
Kramer post-tests), while comparisons within groups was accom-
plished using 2-tailed Student’s t-tests (paired or unpaired), or
repeated measures ANOVA with IBM SPSS Statistics (version 21).
Significance was defined as p < 0.05.
RESULTS
ACTIVITY-DEPENDENT SEROTONERGIC EXCITATION
To explore the interaction of 5-HT and extrinsic depolariz-
ing drive, we made whole-cell recordings from labeled COM
and CPn L5PNs in slices of mouse mPFC. COM and CPn
neurons were identified by the presence of fluorescent beads
(Retrobeads) that had been injected into the contralateral pre-
limbic cortex, or ipsilateral pons, several days prior to slice
preparation (Figure 1A). 5-HT (100 μM for 1 s) was delivered
either at RMPs, or paired with suprathreshold DC current injec-
tion (Figure 1B). As previously observed (Avesar and Gulledge,
2012), 5-HT applied during current-induced activity inhibited
AP generation in CPn neurons (n = 9), and either increased AP
frequency (“excited”; n = 13), or generated“biphasic” (inhibitory-
excitatory) responses (n = 6), in COM L5PNs (Table 1). When
applied to these same neurons at RMPs, 5-HT rapidly hyper-
polarized CPn (by 3.5 ± 0.4 mV) and COM-biphasic neurons
(by 3.8 ± 0.7 mV), but depolarized COM-excited L5PNs by
3.3 ± 0.2 mV (Figure 1C). Unlike hyperpolarizing responses at
RMP, serotonergic depolarization of COM-excited neurons devel-
oped slowly, with the latency to peak depolarization (28 ± 3 s)
being significantly delayed relative to the latency of peak excita-
tion for 5-HT responses occurring during DC-current-induced
activity (11 ± 1 s; n = 13; p < 0.05, paired Student’s t-test;
Table 1 and Figure 1D), confirming that serotonergic excita-
tion of COM neurons is facilitated by coincident excitatory drive
(see also Araneda and Andrade, 1991; Zhang and Arsenault,
2005).
The duration of inhibitory serotonergic responses in CPn and
COM-biphasic neurons was also sensitive to activity state, albeit
in opposite directions. In CPn neurons, the durations of spike
cessations (37 ± 2 s) during current-induced depolarization were
longer than were hyperpolarizations generated at RPMs (28 ± 4 s;
p < 0.05, paired Student’s t-test; Table 1, Figure 1D). On the other
hand, inhibitory responses in COM-biphasic neurons were longer
at RMPs (25 ± 4 s) than they were during current-induced activity
(18 ± 3 s; p < 0.05, paired Student’s t-test; Table 1; Figure 1D).
This differential effect of activity state on inhibitory serotoner-
gic responses in CPn and COM-biphasic neurons likely reflects
the larger driving force for 1A-driven potassium conductances at
depolarized potentials (Andrade and Nicoll, 1987), and activity-
dependent recruitment of 2A-mediated excitation in depolarized
COM-biphasic neurons. These data demonstrate that serotoner-
gic regulation of COM and CPn neuron excitability is influenced
by the level of coincident excitatory drive.
To further explore the interaction of 5-HT and excitatory drive
in L5PNs, we applied 5-HT to neurons receiving suprathreshold
simulated synaptic input generated via somatic current injection
(see Materials and Methods and Figure 2A). Simulating synaptic
drive allowedus todeliver an equivalent excitatory stimulus to each
neuron (generating ∼7 APs) while avoiding the potentially con-
founding presynaptic effects of 5-HT on transmitter release (e.g.,
Kruglikov and Rudy, 2008; Troca-Marín and Geijo-Barrientos,
2010). In CPn neurons (n = 13), application of 5-HT produced a
98± 2%decrease in the number of APs generated by the simulated
synaptic current, from7.3± 0.7APs in baseline conditions to a low
of 0.2 ± 0.2 APs occurring 3.5 ± 0.3 s after 5-HT application, to
7.0 ± 1.0 APs during the final trial (Figure 2B; blue symbols). On
the other hand, 5-HT application resulted in a 59 ± 7% increase
in the number of APs in COM-excited L5PNs (n = 30), with the
peak increase occurring 8.3 ± 1 s after 5-HT application. In these
neurons, 5-HT increased the number of APs from 7.5 ± 0.3 APs
in baseline conditions to a peak of 11.8 ± 0.6 APs after 5-HT
application, with output returning to 6.9 ± 0.5 APs on the last
trial (Figure 2B; red symbols). Finally, 5-HT generated a tran-
sient 59 ± 12% decrease in AP number in COM-biphasic L5PNs
(n = 13), from 7.0 ± 0.5 in baseline conditions to a low of 3.4 ± 1
APs occurring 6.5 ± 2 s after 5-HT, with recovery to 6.2 ± 0.7
APs during the final trial (Figure 2B; orange symbols). The max-
imum effects of 5-HT on AP output were significantly different
among CPn, COM-excited, and COM-biphasic L5PNs (p < 0.05,
ANOVA, Figure 2B).
We also monitored RMPs (as measured just prior to synaptic
current injections) and the integrals of voltage responses to sim-
ulated synaptic currents (Figure 2B). 5-HT increased response
integrals in COM-excited L5PNs, but only during the first two tri-
als immediately after 5-HT application (trials 6 and 7; Figure 2B).
The mean increase in response integral was 12 ± 1% over baseline
(p < 0.05). Conversely, 5-HT induced longer-lasting decreases
in response integrals in CPn neurons (mean peak change was
−21 ± 2%, lasting ∼20 s; p < 0.05), and transient dips in
response integrals in COM-biphasic L5PNs (mean peak change
was −15 ± 3% relative to baseline; p < 0.05).
5-HT hyperpolarized CPn and COM-biphasic L5PNs by
2.9 ± 0.3 mV and 2.5 ± 0.5 mV, respectively. Hyperpolarizing
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FIGURE 1 | Serotonergic excitation of COM L5PNs is more pronounced
when 5-HT is paired with excitatory drive. (A) Fluorescent Retrobeads
were injected unilaterally into either the contralateral prelimbic cortex (to label
COM L5PNs) or into the ipsilateral pons (to label CPn L5PNs). Dashed green
lines represent the axons of cortical projection neurons conveying Retrobeads
to the somata of pyramidal neurons in the mPFC. (B) Responses of labeled
COM-excited (red), COM-biphasic (orange), or CPn (blue) neurons to focally
applied 5-HT (green bar) delivered during periods of current-induced action
potential (AP) generation (top) or at resting membrane potentials (RMP,
bottom). Middle plots show ISF over time. Dashed-lines indicate 0 Hz (middle)
or RMP (bottom). (C) Aggregate population responses to 5-HT application at
RMPs (dashed-line) for COM-excited (red; n = 13), COM-biphasic (orange;
n = 6), and CPn (blue; n = 9) L5PNs. Responses for each neuron were
resampled at 1 Hz, and population data plotted as mean ± SEM for each
resulting time point. (D) Comparisons of latencies to peak 5-HT responses
across neuron subtypes (top) and durations of 5-HT-induced inhibition in CPn
and COM-biphasic neurons (bottom), for 5-HT responses generated during
periods of AP generation (opaque bars) or at RMPs (semi-opaque bars).
Asterisks indicate significant differences (p < 0.05) between responses
occurring at RMPs or while firing.
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Table 1 | Properties of L5PN subtypes and their responses to serotonin.
L5PN subtype n RMP (mV) RN (M) Sag (%) Response property With DC-current At RMP
COM-excited 13 −77 ± 2 188 ± 13 6 ± 1 Peak increase in spike frequency (%) or peak
depolarization (mV)
119 ± 15 3.3 ± 0.2
Time to peak excitation (s) 11 ± 1 28 ± 3*
COM-biphasic 6 −78 ± 2 173 ± 30 4 ± 1 Peak increase in spike frequency (%) 87 ± 13 N/A
Duration of inhibition (s) 18 ± 3 25 ± 4*
Time to peak hyperpolarization (s) 11 ± 2 7 ± 1
CPn 9 −78 ± 1 77 ± 7 13 ± 1 Duration of inhibition (s) 37 ± 2 28 ± 4*
Time to peak hyperpolarization (s) 6 ± 0.3 5 ± 0.4
Asterisks indicate p < 0.05 vs 5-HT responses occurring during DC-evoked firing, paired Student’s t-test.
responses occurred rapidly after 5-HT application, with latency
to peak hyperpolarization of 4.4 ± 0.5 s in CPn neurons, and
3.7 ± 0.5 s in COM-biphasic neurons (i.e., peak hyperpolariza-
tion occurred within the first two post-5-HT trials). Conversely,
5-HTdepolarizedCOM-excited L5PNs by 2.1± 0.3mV,with peak
depolarization occurring 8 ± 1 s after 5-HT application, a latency
similar to the latency of peak serotonergic excitation observed in
these same neurons during DC-current-induced AP generation
(p = 0.55; paired Student’s t-test; see also Figure 3). Surprisingly,
5-HT-induced depolarization of COM-excited neurons occurred
only after the initial post-5-HT exposure to simulated synaptic
currents (Figure 2B). 3 s after 5-HT application, at the start of
trial 6, but before simulated synaptic currents were applied, COM-
excited neurons were hyperpolarized relative to baseline values (by
0.6 ± 0.2 mV; p < 0.05), even as AP output increased moments
later in response to that same trial’s simulated synaptic input. By
the beginning of the very next trial, trial 7, RMPs were signifi-
cantly depolarized relative to baseline potentials (0.8 ± 0.3 mV;
p < 0.05, Figure 2B), suggesting that serotonergic depolariza-
tion of COM-excited neurons may be facilitated by exogenous
excitatory drive. We verified this by comparing the latency-to-
peak-excitation (determined by the timing of peak increases in
spike rate and/or peak depolarization of the RMP) across COM-
excited L5PNs experiencing different levels of excitatory drive
(Figure 3). Pairing 5-HT with suprathreshold DC current, or sim-
ulated synaptic currents, significantly reduced latencies to peak
excitatory responses (One-way ANOVA; p < 0.05), with peak
increases in AP generation occurring significantly earlier than
peak depolarization of the RMP (Tukey-Kramer post hoc test,
p < 0.05).
To confirm that delayed serotonergic depolarization results
from the interaction of 5-HT and simulated synaptic drive, rather
than reflecting a slower, time-dependent mechanism, we per-
formed additional experiments inCOM-excited neurons, inwhich
the resumption of simulated synaptic currents was delayed by an
additional 3 s (until trial 7, 6 s after 5-HT application; Figure 4).
With this additional delay, in which simulated synaptic input
was not delivered during trial 6, RMPs remained at baseline
levels even at the beginning of trial 7 (6 s following 5-HT appli-
cation), but depolarized sharply (by 1.5 ± 0.4 mV; n = 21;
p < 0.05) after resumption of simulated synaptic input, as mea-
sured at the beginning of trial 8 (9 s after 5-HT application).
These results further demonstrate that serotonergic excitation
of COM-excited neurons is facilitated by extrinsic excitatory
drive.
Since previous studies in the rat PFC have found that sero-
tonergic excitation of L5PNs is preferentially facilitated when
paired with strong, rather than weak, depolarizing drive (Araneda
and Andrade, 1991; Zhang and Arsenault, 2005), in a subset
of COM-excited L5PNs (n = 14) we tested the interaction of
5-HT and subthreshold simulated synaptic drive by scaling cur-
rent amplitudes to 80% of those necessary to evoke a single AP
(Figure 5). 5-HT was focally applied after five baseline subthresh-
old trials, and subthreshold current injections resumed for an
additional 24 trials. Under these conditions, application of 5-HT
failed to promote AP generation by the simulated synaptic input
(Figure 5A). Instead, 5-HT significantly reduced response integrals
(by 9.2 ± 1.4%; p < 0.05; Figures 5B,C) and transiently hyper-
polarized neurons (by 0.7 ± 0.1 mV; p < 0.05; Figures 5B,C).
These results confirm that serotonergic excitation of COM-
excited L5PNs is facilitated by strong, but not weak, excitatory
drive.
We next tested the impact of 5-HT on the excitability of
COM-excited L5PNs experiencing a second form of excitatory
drive: focal application of exogenous glutamate (1 mM). In ini-
tial experiments, the duration of glutamate application (7 to
20 ms) was adjusted to generate either reliably suprathreshold
responses (i.e., producing one or two APs per trial; Figure 6)
or “just-subthreshold” responses (Figure 7). 5-HT (100 μM,
1 s) was applied midway between the fifth and sixth of fourteen
trials delivered at 0.05 Hz. When paired with single suprathresh-
old applications of glutamate, 5-HT increased the number of
glutamate-induced APs in about half of COM-excited neurons
(n = 5 of 9), from 1.6 ± 0.3 APs in baseline conditions to 4.2 ± 1.1
APs following 5-HT application (Figure 6A). In the remaining
four COM-excited neurons, 5-HT reduced the mean number of
APs from 2.4 ± 0.2 in baseline conditions to 0.8 ± 0.8 APs after
5-HT application. Across all COM-excited L5PNs tested (n = 9),
there was no significant effect of 5-HT on AP genesis or RMPs,
and no immediate effect of 5-HT on response integrals, although
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FIGURE 2 | 5-HT modulates neuronal responses to simulated synaptic
input. (A) Responses of COM-excited (red), COM-biphasic (orange), and CPn
(blue) L5PNs to somatic current injections simulating a barrage of excitatory
synaptic input under baseline conditions (top voltage traces), after focal 5-HT
application (middle voltage traces), or about one minute after 5-HT application
(lower voltage traces). Injected currents (bottom traces) were scaled to
generate approximately 7 action potentials (APs) in baseline conditions.
(B) Plots of the number of APs generated by simulated synaptic input (top),
changes in RMPs (middle), and percent changes in response integrals
(bottom), for COM-excited (red), COM-biphasic (orange), and CPn (blue)
L5PNs. 5-HT was focally applied for 1 s at the time indicated by the green bar.
Gray bars indicate time-points for data shown inA. Green symbols indicate
data from experiments in COM-excited L5PNs in which no 5-HT was applied.
Asterisks indicate significant changes from baseline (p < 0.05). Black arrows
point out COM-excited responses during trial 6 (immediately after 5-HT). Note
that, while the number of APs and response integrals increase immediately
during trial 6, RMP, as measured 10 ms prior to simulated synaptic input, was
hyperpolarized relative to baseline in trial 6. Only following the initial post-5-HT
suprathreshold current injection (trial 6) did RMPs depolarize, as observed at
the beginning of trial 7 (red arrow).
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FIGURE 3 | Latencies of serotonergic responses in COM-excited L5PNs.
Plot of the latencies to peak excitatory responses (defined as peak
increases in action potential frequencies or peak depolarization from RMPs)
for COM-excited neurons experiencing 5-HT application during
suprathreshold DC current injection (red symbol), suprathreshold (purple
symbol) or subthreshold (gray symbol) simulated synaptic currents, or in
the absence of any extrinsic excitatory drive (black symbol). Serotonergic
responses occurring in the presence of suprathreshold drive had shorter
latencies to peak than did responses at RMPs or during subthreshold
simulated synaptic input (p < 0. 05, One-way ANOVA).
we did observe a slowly developing and highly variable increase in
response integral (Figure 6B; p < 0.05).
These results suggest that serotonergic excitation of COM-
excited neurons may be activity dependent, with the threshold for
excitatory responses being multiple APs. To test whether seroton-
ergic excitation might be enhanced by more robust glutamatergic
drive, in a different group of COM-excited neurons we paired 5-
HT with bursts of five glutamate applications delivered at 200 ms
intervals (5 Hz), with bursts delivered at 0.05 Hz. When 5-HT
was paired with suprathreshold glutamate exposure (in which APs
resulted from at least three of the five glutamate applications per
trial), 5-HT enhanced AP output in all neurons tested (n = 8).
5-HT increased glutamate-evoked output from 7.8 ± 0.8 APs in
baseline conditions to a peak of 12.5 ± 1.4 APs after 5-HT appli-
cation (Figure 6B; p < 0.05). 5-HT also depolarized COM-excited
neurons by 2.4 ± 0.6 mV (p < 0.05), but only after the initial
post-5-HT suprathreshold glutamate application. Finally, 5-HT
increased response integrals in trials 6 and 7 by 26 ± 4% and
14 ± 5%, respectively (n = 8; p < 0.05 for each).
We also paired 5-HT with subthreshold glutamate applications,
delivered individually (n = 9) or in bursts of five applications at
200 ms intervals (n = 8; Figure 7). In none of these experiments
did 5-HT application lead to AP genesis in response to gluta-
mate. Further, 5-HT failed to immediately enhance the integral
of voltage responses to single (p = 0.30) or multiple (p = 0.22)
glutamate applications. 5-HT did induce slight depolarization of
the RMP during trials of single glutamate applications (in trial
7, by 0.9 ± 0.3 mV; p < 0.05), but not in response to bursts of
glutamate, although the long (20 s) inter-trial interval limited our
ability to detect subtle changes in RMP over time.
Finally, we assessed the interaction of 5-HT and glutamater-
gic excitatory drive in COM-biphasic L5PNs (n = 6; Figure 8).
As observed in COM-excited neurons, 5-HT failed to promote
AP generation in response to subthreshold bursts of glutamate
application (five applications at 5Hz, repeated at 0.05Hz). Instead,
5-HT hyperpolarized COM-biphasic L5PNs by 2.9 ± 0.8 mV
(p< 0.05), anddecreased response integrals by 39± 7%(p< 0.05).
When paired with suprathreshold bursts of glutamate, 5-HT
again failed to promote AP generation in COM-biphasic neu-
rons (p = 0.8), or change response integrals (p = 0.4), but did
induce transient hyperpolarization of 3.5 ± 0.8 mV (p < 0.05).
The lack of obvious serotonergic inhibition in COM-biphasic
L5PNs during these experiments may be the result of the long
duration (∼10 s) between 5-HT application and the first post-5-
HT glutamate trial, as in these neurons the inhibitory response
to 5-HT during suprathreshold DC current injection lasted only
24 ± 6.6 s (n = 6). Together, these results confirm that serotoner-
gic excitation of COM L5PNs is activity-dependent, promoted
by suprathreshold, but not subthreshold, extrinsic excitatory
drive.
INTERACTION OF 1A AND 2A RECEPTORS
Wenext usedpharmacological approaches to test the interaction of
1A and 2A receptors in generating serotonergic responses in COM
and CPn neurons. As previously reported (Avesar and Gulledge,
2012), serotonergic inhibition of CPn neurons was blocked by the
1A antagonist WAY 100635 (WAY, 30 nM; Figure 9A; n = 31). In
the presence of WAY, 32% of CPn neurons (n = 10 of 31) exhib-
ited an excitatory response to 5-HT during DC-current-evoked
AP generation (Figure 9B). However, the magnitude of this exci-
tation (61 ± 14% over baseline frequencies; n = 10) was less
robust than that observed in COM-excited L5PNs (135 ± 12%
over baseline frequencies; n = 59; p < 0.05, Student’s t-test). Phar-
macologically revealed excitation in CPn neurons was blocked by
additional bath application of MDL 11939 (MDL, 500 nM; n = 7;
Figure 9A), confirming the presence of functional 2A receptors in
this subpopulation of CPn neurons.
Since 2A-dependent excitation is facilitated by extrinsic
depolarizing drive, and given that 5-HT can increase the
gain of L5PNs in the rat PFC (Araneda and Andrade, 1991;
Zhang and Arsenault, 2005), we hypothesized that 2A receptors
in CPn neurons might contribute to serotonergic responses when
CPn neurons are driven with strong, rather than weak, excita-
tory drive. To test whether this was the case, we applied 5-HT to
CPn neurons under two levels of excitatory drive. DC current was
adjusted to generate low- (4.9 ± 0.4 Hz) or high- (9.1 ± 0.5 Hz)
frequency baseline firing rates (Figure 9C). In both conditions, 5-
HT generated hyperpolarizing responses without delayed biphasic
excitation (Figures 9C,D). Surprisingly, post hoc pharmacologi-
cal detection of 2A receptors was correlated with the duration of
inhibitory responses only when 5-HT was paired with low-, rather
than high-, frequency baseline AP generation (Table 2). When 5-
HTwas delivered during periods of low-frequency firing, themean
durations of serotonergic inhibition were 21 ± 3 s and 31 ± 3 s
in “2A-responsive” and “2A-unresponsive” CPn neurons, respec-
tively (p < 0.05; Student’s t-test). On the other hand, when 5-HT
was delivered during periods of high frequency AP generation,
the durations of spike inhibition were similar in 2A-responsive
(17 ± 4 s) and 2A-unresponsive (20 ± 2 s) CPn neurons. In no
cases did CPn firing rates increase above baseline levels following
1A-dependent inhibition. These results suggest that 2A receptor in
CPn neurons canmoderate serotonergic inhibition during periods
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FIGURE 4 | Serotonergic depolarization of COM-excited neurons is
facilitated by simulated synaptic drive. (A)Top traces: responses of a
COM-excited L5PN to simulated synaptic currents delivered before (trial 5;
left traces), immediately following (trial 6; middle traces), or 3 s after, 5-HT
application (trial 7; right traces). Bottom traces: responses in a COM-excited
L5PN in which no simulated synaptic current was delivered during trial 6
(middle trace; “blank” trial). The green bar indicates 5-HT application between
trials 5 and 6 (see panel B). (B) Plots of the number of action potentials (APs)
generated by simulated synaptic current injection (top), changes in RMPs
(middle), and percent changes in voltage response integrals (bottom) in
COM-excited L5PNs experiencing blank trails during trial 6 (red symbols;
n = 21). Data are superimposed on those data from COM-excited L5PNs
receiving simulated synaptic current on all trials (from Figure 2B, gray;
n = 30). Timing of 5-HT application shown by green bar. Responses during
trials 5, 6, and 7 are indicated with black, red, and blue bars, respectively.
Black arrows indicate increases in AP number and response integral, but no
change in RMP, during trial 7 when neurons were not exposed to current
injection during trial 6. The red arrow points out the rapid depolarization of
RMPs observed at the start of trial 8. Asterisks indicate significant changes
from baseline values (p < 0.05).
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FIGURE 5 | Subthreshold simulated synaptic input does not facilitate
serotonergic responses in COM-excited L5PNs. (A) Responses of a
COM-excited L5PN experiencing suprathreshold simulated synaptic input
(top; action potentials truncated) or subthreshold simulated synaptic input
(bottom). Baseline responses (trial 5, black) are superimposed with
responses immediately after 5-HT application (trial 6, red), or 3 s later
(trial 7, blue), as indicated in panel C. For subthreshold trials, current
intensities were scaled to 80% of the minimum current necessary to
elicit a single spike. (B) Plots of cumulative response integrals (binned at
100 ms intervals) for trials using suprathreshold (left) or subthreshold
(right) simulated synaptic currents during trials 5 (black), 6 (red), and 7
(transparent blue). (C) Plots of changes in RMPs (top) and response
integrals (bottom) for trials using subthreshold simulated synaptic input
(red symbols; n = 14) superimposed on data from COM-excited L5PNs
(from Figure 2B) that experienced suprathreshold simulated synaptic input
(gray symbols; n = 30). The timing of 5-HT application is indicated by the
green bar. Asterisks indicate significant changes from baseline values
(p < 0.05).
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FIGURE 6 | Suprathreshold glutamatergic drive facilitates serotonergic
excitation in COM-excited L5PNs. (A) Responses of COM-excited
L5PNs to single glutamate applications that were not facilitated by 5-HT
application (top traces; n = 4 of 9) and responses of COM-excited L5PNs
to single glutamate application in neurons that were facilitated by 5-HT
application (middle traces; n = 5 of 9). Blue traces at left show baseline
responses to glutamate, while red traces show responses to glutamate
after 5-HT application, and green traces show responses to glutamate
approximately two minutes after 5-HT exposure (“wash”). Bottom traces
show responses to bursts of five glutamate applications (5 Hz) in baseline
conditions (blue traces), after 5-HT application (red traces), and in wash
(green traces). Dashed-lines indicates RMP. (B) 5-HT (red dashed-line)
significantly increased the number of action potentials (APs) elicited by
bursts of suprathreshold glutamate (gray symbols; top; p < 0.05). RMPs
were significantly depolarized in neurons receiving bursts of glutamate
only after the initial post-5-HT suprathreshold glutamate application (red
arrow; middle; p < 0.05) while response integrals significantly increased
immediately after 5-HT application in these neurons (bottom). 5-HT had no
significant effect on AP generation or RMP in neurons receiving single
suprathreshold applications of glutamate, but was associated with a
slowly developing and highly variable increase in response integral.
Asterisks indicate significant changes from baseline values (p < 0.05).
of limited excitatory drive, but that under normal conditions they
do not generate excitatory or biphasic responses to 5-HT.
Finally, we tested whether 1A receptors participate in shap-
ing excitatory serotonergic responses in COM-excited L5PNs
(Figure 10). When COM-excited neurons were exposed to the
2A antagonist MDL (n = 10), inhibitory responses were never
revealed. Further, baseline firing frequencies were not correlated
with the magnitude of serotonergic excitation of COM neurons
(p = 0.22; data not shown). Thus, despite a significant proportion
of COM neurons exhibiting both 1A- and 2A-receptor-mediated
responses to 5-HT (i.e., COM-biphasic L5PNs), COM-excited
neurons appear to respond to 5-HT solely via activation of 2A
receptors.
DISCUSSION
ACTIVITY-DEPENDENT EXCITATION OF L5PNs
Our results demonstrate that serotonergic excitation of COM
neurons is enhanced when 5-HT is paired with suprathreshold
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FIGURE 7 | Subthreshold glutamatergic drive fails to enhance
serotonergic excitation of COM-excited L5PNs. (A) Responses of
COM-excited L5PNs to single glutamate applications (top traces; n = 9) or
to bursts of five glutamate applications (bottom traces; n = 8) in baseline
conditions (blue), after 5-HT application (red), and approximately two minutes
later (“wash”; green). Dashed-lines indicates RMP. (B) Plots of changes in
RMP (top) and response integral (bottom) over time for COM-excited neurons
experiencing subthreshold glutamate applications. Red dashed-line indicates
5-HT application. Asterisks indicate significant changes from baseline values
(p < 0.05).
extrinsic excitatory drive. This activity-dependent facilitation of
2A-mediated excitation appears to require more than one or two
APs, as 5-HT did not consistently enhance the number of APs
generated by single suprathreshold applications of glutamate. Our
results are consistentwithfindings byAraneda andAndrade (1991)
and Zhang andArsenault (2005), who, in rat L5PNs, observed that
5-HT preferentially enhanced AP generation from strong depolar-
izing stimuli. Our results go further, showing that in the mouse
mPFC, 5-HT preferentially enhances AP output in COM-excited
neurons receiving significant suprathreshold depolarizing drive,
but does not boost responses to subthreshold input.
We also found that 1A-receptor-dependent serotonergic inhibi-
tion is influenced by concurrent excitatory drive, albeit to a lesser
extent than is serotonergic excitation, and in opposite directions
in CPn and COM-biphasic neurons. The duration of 5-HT-
induced spike cessation in CPn neurons was prolonged relative
to hyperpolarizing responses generated at RMPs, even in CPn
neurons exhibiting 2A-dependent responses in the presence of
WAY (discussed below). This effect is not unexpected, given the
greater driving force at depolarized membrane potentials for the
G-protein-coupled inwardly rectifying potassium channels (GIRK
channels) that underly 1A-dependent inhibition (Andrade and
Nicoll, 1987). On the other hand, in COM-biphasic neurons,
hyperpolarizing responses generated at RMPs persisted longer
than inhibition of APs during periods of suprathreshold DC
current injection. This likely reflects the activity-dependent contri-
bution of 2A receptors to serotonergic responses in these neurons;
2A-dependent excitation is expected to competewith, and limit the
duration of, 1A-dependent inhibition when neurons experience
suprathreshold excitatory drive.
In our experiments, we used brief (1 s) applications of
exogenous 5-HT to characterize serotonergic responses in cor-
tical neurons. During wakefulness, release of endogenous 5-HT
likely generates longer-lasting stimulation of 5-HT receptors
(Portas and McCarley, 1994; Sakai and Crochet, 2001). While our
results suggest that COM-excited and most CPn neurons would
respond to prolonged 5-HT exposure with purely excitatory and
inhibitory responses, respectively, it is less clear how COM-
biphasic and 2A-expressing CPn neurons might respond to tonic
serotonergic stimulation. 2A receptors display a lower affinity for
5-HT,and aremore prone to agonist-induced desensitization, than
are 1A receptors (for review, see Zifa and Fillion, 1992), suggesting
that tonic release of low concentrations of 5-HT may preferen-
tially inhibit overall cortical output. However, 1A and 2A receptors
are susceptible to heterologous desensitization (Zhang et al., 2001;
Carrasco et al., 2007), raising the possibility of complex interac-
tion among 1A and 2A signaling in vivo. Additional studies will
be necessary to explore the response of COM and CPn neurons
to tonic exposure to physiological concentrations of 5-HT, and to
endogenous release of 5-HT in vivo.
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FIGURE 8 | 5-HT does not facilitate glutamate-driven excitation in
COM-biphasic L5PNs. (A) Responses of a COM-biphasic L5PNs to five
suprathreshold (top traces) or subthreshold (bottom traces) applications of
glutamate in baseline conditions (blue), immediately after 5-HT application
(red), and approximately two minutes after 5-HT application (“wash”; green).
Dashed-lines indicate RMP. (B) Plots of the number of action potentials (APs;
top), RMPs (middle), and response integrals (bottom) in COM-biphasic L5PNs
receiving suprathreshold (gray symbols) or subthreshold (orange symbols)
over time. 5-HT (red dashed-line) failed to enhance AP genesis, but did
hyperpolarize COM-biphasic neurons, and reduced response integrals to
subthreshold glutamate applications. Asterisks indicate significant changes
from baseline values (p < 0.05).
Table 2 | Comparison of 5-HT responses in CPn neurons with and without 2A receptors.
CPn neuron subtype n RMP (mV) RN (M) Sag (%) Duration of inhibition (s)
During low
frequency firing
During high
frequency firing
No revealed 2A-excitation 21 −76 ± 1 82 ± 6 12 ± 1 31 ± 3 20 ± 2
Revealed 2A-excitation 10 −76 ± 1 83 ± 11 14 ± 1 21 ± 3* 17 ± 4
Asterisk indicates p < 0.05 vs CPn neurons without revealed 2A responses.
INTERACTION OF 5-HT RECEPTORS
The antagonistic interplay of 1A and 2A receptors in regulating
behavior is well established (Berendsen and Broekkamp, 1990;
Darmani et al., 1990; Willins and Meltzer, 1997; Carli et al.,
2006), and direct interaction of 1A and 2A receptors within
individual cortical pyramidal neurons has long been hypoth-
esized (Ashby et al., 1994; Martín-Ruiz et al., 2001; Amargós-
Bosch et al., 2004). Yet, while many L5PNs in the rodent PFC
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FIGURE 9 | A subpopulation of CPn neurons exhibit 2A-mediated
excitation after blockade of 1A receptors. (A) Responses of a CPn L5PN to
5-HT delivered in baseline conditions (top; dark blue), after blockade of 1A
receptors byWAY 100635 (WAY; middle; red), and after additional application
of the 2A antagonist MDL 11939 (MDL; bottom; light blue). Plots beneath
each trace show ISF over time. The timing of 5-HT application is indicated by
the green bar. (B) Proportions of CPn neurons exhibiting excitatory responses
to 5-HT (red) or no response to 5-HT (gray) in the presence ofWAY.
(C) Responses to 5-HT (green bar) in a CPn L5PN firing at low (top trace) and
high (middle trace) baseline frequency in baseline conditions, and after bath
application ofWAY (bottom). (D) Comparisons of action potential (AP) firing
frequency in CPn neurons in baseline conditions (light colors) and after
resumption of AP firing following 5-HT application (dark colors) for CPn
neurons showing excitation in the presence ofWAY (top), or no excitation in
the presence ofWAY (bottom). Asterisks indicate significant changes
(p < 0.05) in post-5-HT AP frequency relative to baseline firing rates.
express both 1A and 2A receptors (Martín-Ruiz et al., 2001;
Santana et al., 2004; We¸dzony et al., 2008; Vázquez-Borsetti et al.,
2009), most respond to 5-HT with unidirectional, 1A- or 2A-
mediated, responses (Araneda and Andrade, 1991; Tanaka and
North, 1993; Spain, 1994; Zhang, 2003; Benekareddy et al.,
2010; Avesar and Gulledge, 2012), with 1A-mediated inhibi-
tion predominating in the mature cortex (Béïque et al., 2004;
Puig et al., 2004, 2005). The prevalence of 1A-mediated inhi-
bition may reflect the greater abundance of CPn L5PNs rel-
ative to COM L5PNs (Hattox and Nelson, 2007), and/or the
activity-dependence of 2A-mediated excitation, as pyramidal
neurons are generally quiescent in vitro and have reduced
excitatory drive under anesthesia in vivo (Hentschke et al.,
2005).
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FIGURE 10 | COM-excited L5PNs do not exhibit 1A-mediated inhibition
after blockade of 2A receptors. (A) Voltage responses (top traces) and
plots of ISF (lower plots) for a COM-excited L5PN exposed to 5-HT (green
bar) in baseline conditions (red) and after application of the 2A receptor
antagonist MDL 11939 (MDL; black). (B) Proportion of COM-excited L5PNs
showing non-inhibitory responses to 5-HT in the presence of MDL.
Our results also confirm that a significant proportion of CPn
neurons (∼32%) express functional 2A receptors capable of
generating modest excitatory responses when 1A receptors are
pharmacologically blocked. This proportion is comparable to the
proportion of rat prelimbic neurons found to coexpress 1A and 2A
mRNA (∼41%; Santana et al., 2004) or protein (∼38%; We¸dzony
et al., 2008), and is similar to the proportion of COM neurons
exhibiting 1A-mediated biphasic inhibition (∼35%; Avesar and
Gulledge, 2012). Yet, even when present, 2A receptors have only
limited impact in shaping serotonergic responses in CPn neurons.
We found the presence of 2A receptors to influence the duration of
inhibitory responses when 5-HT was delivered during periods of
low, but not high, frequencyAP generation. This contrasts with the
activity-dependence of serotonergic excitation in COM neurons,
and with the hypothesis that 2A receptors generally increase the
gain of cortical pyramidal neuron output (Araneda and Andrade,
1991; Zhang andArsenault, 2005). While more studies will be nec-
essary to evaluate the role of 2A receptors in regulating excitability
in CPn neurons, it is also possible that 2A expression primarily
serves alternative functions, such as regulation of synaptic trans-
mission and/or dendritic excitability inways not readily observable
in our experiments (Carr et al., 2002;Yuen et al., 2008; Zhong et al.,
2008; Troca-Marín and Geijo-Barrientos, 2010).
One cortical circuit influenced by both 1A and 2A receptors
provides positive feedback to serotonergic neurons in the dor-
sal raphe; injection of the selective 2A agonist DOI into the
mPFC increases the local release of 5-HT (Martín-Ruiz et al.,
2001; Puig et al., 2003). Since 2A receptors are expressed in sub-
populations of brainstem projection neurons (Martín-Ruiz et al.,
2001; Santana et al., 2004), one possibility is that DOI directly
excites cortico-raphe neurons. However, 2A-dependent increases
in 5-HT release required, and were mimicked by, intracortical
glutamatergic transmission (Martín-Ruiz et al., 2001; Puig et al.,
2003), suggesting a role for indirect excitation of cortico-raphe
neurons from the directionally selective synaptic connectivity
between 2A-expressing COM L5PNs and brainstem-projecting
neurons (Morishima and Kawaguchi, 2006). Martín-Ruiz et al.
(2001) also demonstrated that 1A receptor activation can sup-
press the effects of DOI, confirming an antagonist relationship
between 1A and 2A receptors in regulating cortical circuits, and
the primacy of 1A receptors in regulating the overall output of
L5PNs projecting to the brainstem.
MECHANISMS OF SEROTONERGIC REGULATION OF L5PNs
Although there is general consensus that 1A-dependent inhibi-
tion of cortical pyramidal neurons is mediated by Gi/o-coupled
GIRK channels (Andrade et al., 1986; Lüscher et al., 1997), the
mechanisms responsible for 2A-dependent excitation of cortical
neurons remain uncertain. We previously observed that 2A-
dependent excitation remains intact in the presence of blockers
of fast synaptic transmission (Avesar and Gulledge, 2012). Sim-
ilarly, 5-HT can enhance AP generation resulting from current
injection or exogenous glutamate, suggesting that 5-HT has
direct effects on the intrinsic excitability of COM L5PNs (see
also Béïque et al., 2007). Yet, the ionic mechanisms responsible
for intrinsic 2A-dependent excitation remain mysterious. One
possibility is that 2A receptor activation suppresses potassium
conductances facilitated by depolarization, including “M-like”
currents (McCormick and Williamson, 1989; Tanaka and North,
1993; Zhang, 2003) and the calcium-dependent potassium con-
ductances associated with slow afterhyperpolarizations (Araneda
and Andrade, 1991; Pedarzani and Storm, 1993; Villalobos et al.,
2005, 2011), although this later effect appears to be limited at
physiological temperatures (Spain, 1994; see also Gulledge et al.,
2013). Another attractive possibility is that 2A receptors enhance
voltage-sensitive cationic conductances similar to, or perhaps
identical to, those mediating cholinergic excitation in prefrontal
L5PNs (Haj-Dahmane and Andrade, 1996, 1999; Yan et al., 2009;
but see Dasari et al., 2013). Less likely are direct actions of 5-HT
on voltage-gated sodium or calcium channels, as 2A receptors
are generally considered negative regulators of these conduc-
tances (Bayliss et al., 1995; Carr et al., 2002). While the ionic
effectors mediating serotonergic excitation remain unknown, the
ability to selectively target 2A-excited L5PNs (i.e., COM L5PNs)
in the mouse mPFC may facilitate future studies focusing on
2A-dependent postsynaptic signal transduction.
FUNCTIONAL IMPLICATIONS OF ACTIVITY-DEPENDENT SEROTONERGIC
EXCITATION OF COM NEURONS
Serotonergic input to the PFC facilitates behavioral inhibition,
and depletion of prefrontal 5-HT produces impulsive behaviors in
both animals and humans (Harrison et al., 1997; Winstanley et al.,
2004b; Worbe et al., 2014). Studies in rodents have dissociated
the roles of 1A and 2A receptors in regulating impulsive behavior,
finding that 2A receptor agonists enhance (Koskinen et al., 2000;
Winstanley et al., 2003; Blokland et al., 2005), while 1A agonists
and 2A antagonists suppress (Higgins et al., 2003; Winstanley
et al., 2003; Carli et al., 2004, 2006; Blokland et al., 2005; Fletcher
et al., 2007) impulsivity. Thus, the effect of 5-HT on cortical cir-
cuits will depend, in part, on the net balance of 2A-dependent
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excitation of COM-excited neurons and 1A-dependent inhibition
of COM-biphasic and CPn neurons. Our results suggest that phar-
macological enhancement of 2A-dependent excitation, without
enhanced 1A-dependent inhibition, may contribute to impulsiv-
ity via non-specific amplification of intracortical networks. On
the other hand, blockade of 2A receptors, or activation of 1A
receptors, is expected to reduce overall cortical drive. Given that
most L5PNs in the adult neocortex exhibit 1A-mediated inhibi-
tion (Béïque et al., 2004; Avesar and Gulledge, 2012), and that
5-HT directly excites subpopulations of GABAergic interneurons
via ionotropic 5-HT3 receptors (Morales and Bloom, 1997; Puig
et al., 2004; Lee et al., 2010), increased cortical 5-HT might be
expected to reduce impulsivity by limiting output from the PFC.
This may well be the case, as serotonergic tone in the mPFC is
negatively correlated with impulsivity (Barbelivien et al., 2008),
and selective 5-HT reuptake inhibitors (SSRIs) that boost 5-
HT levels in the mPFC (Jordan et al., 1994) generally reduce
impulsivity (Baarendse and Vanderschuren, 2012). The activity-
dependent serotonergic excitation of COM L5PNs described
here may further help reduce impulsivity by restricting 2A-
dependent amplificationof cortical output tobehaviorally relevant
circuits.
ACKNOWLEDGMENTS
This work was supported by PHS grant R01 MH099054 (Allan
T. Gulledge). The authors thank Vicky Puig for comments on the
manuscript, Ken Orndorff for help with microscopy, and Corey
Hill for technical assistance.
REFERENCES
Akimova, E., Lanzenberger, R., and Kasper, S. (2009). The serotonin-
1A receptor in anxiety disorders. Biol. Psychiatry 66, 627–635. doi:
10.1016/j.biopsych.2009.03.012
Amargós-Bosch, M., Bortolozzi, A., Puig, M. V., Serrats, J., Adell, A., Celada, P., et al.
(2004). Co-expression and in vivo interaction of serotonin1A and serotonin2A
receptors in pyramidal neurons of prefrontal cortex. Cereb. Cortex 14, 281–299.
doi: 10.1093/cercor/bhg128
Andrade, R., Malenka, R. C., and Nicoll, R. A. (1986). A G protein couples serotonin
and GABAB receptors to the same channels in hippocampus. Science 234, 1261–
1265. doi: 10.1126/science.2430334
Andrade, R., and Nicoll, R. A. (1987). Pharmacologically distinct actions of sero-
tonin on single pyramidal neurones of the rat hippocampus recorded in vitro. J.
Physiol. 394, 99–124.
Araneda, R., and Andrade, R. (1991). 5-Hydroxytryptamine2 and 5-
hydroxytryptamine1A receptors mediate opposing responses on membrane
excitability in rat association cortex. Neuroscience 40, 399–412. doi: 10.1016/0306-
4522(91)90128-B
Ashby, C. R. Jr., Edwards, E., and Wang, R. Y. (1994). Electrophysiological evi-
dence for a functional interaction between 5-HT1A and 5-HT2A receptors in the
rat medial prefrontal cortex: an iontophoretic study. Synapse 17, 173–181. doi:
10.1002/syn.890170306
Avesar, D., and Gulledge, A. T. (2012). Selective serotonergic excitation of callosal
projection neurons. Front. Neural Circuits 6:12. doi: 10.3389/fncir.2012.00012
Aznar, S., Qian, Z., Shah, R., Rahbek, B., and Knudsen, G. M. (2003). The 5-HT1A
serotonin receptor is located on calbindin- and parvalbumin-containing neurons
in the rat brain. Brain Res. 959, 58–67. doi: 10.1016/S0006-8993(02)03727-7
Baarendse, P. J., and Vanderschuren, L. J. (2012). Dissociable effects of
monoamine reuptake inhibitors on distinct forms of impulsive behavior in rats.
Psychopharmacology (Berl.) 219, 313–326. doi: 10.1007/s00213-011-2576-x
Barbelivien,A., Billy, E., Lazarus, C., Kelche, C., andMajchrzak,M. (2008). Rats with
different profiles of impulsive choice behavior exhibit differences in responses to
caffeine and d-amphetamine and in medial prefrontal cortex 5-HT utilization.
Behav. Brain Res. 187, 273–283. doi: 10.1016/j.bbr.2007.09.020
Bayliss, D. A., Umemiya, M., and Berger, A. J. (1995). Inhibition of N- and P-
type calcium currents and the after-hyperpolarization in rat motoneurones by
serotonin. J. Physiol. 485(Pt 3), 635–647.
Béïque, J. C., Campbell, B., Perring, P., Hamblin, M. W., Walker, P., Mlade-
novic, L., et al. (2004). Serotonergic regulation of membrane potential in
developing rat prefrontal cortex: coordinated expression of 5-hydroxytryptamine
(5-HT)1A, 5-HT2A, and 5-HT7 receptors. J. Neurosci. 24, 4807–4817. doi:
10.1523/JNEUROSCI.5113-03.2004
Béïque, J. C., Imad, M., Mladenovic, L., Gingrich, J. A., and Andrade, R. (2007).
Mechanism of the 5-hydroxytryptamine 2A receptor-mediated facilitation of
synaptic activity in prefrontal cortex. Proc. Natl. Acad. Sci. U.S.A. 104, 9870–9875.
doi: 10.1073/pnas.0700436104
Bekinschtein, P., Renner, M. C., Gonzalez, M. C., and Weisstaub, N. (2013).
Role of medial prefrontal cortex serotonin 2A receptors in the control of
retrieval of recognition memory in rats. J. Neurosci. 33, 15716–15725. doi:
10.1523/JNEUROSCI.2087-13.2013
Benekareddy, M., Goodfellow, N. M., Lambe, E. K., and Vaidya, V. A.
(2010). Enhanced function of prefrontal serotonin 5-HT2 receptors in a
rat model of psychiatric vulnerability. J. Neurosci. 30, 12138–12150. doi:
10.1523/JNEUROSCI.3245-10.2010
Berendsen,H.H., and Broekkamp,C. L. (1990). Behavioural evidence for functional
interactions between 5-HT-receptor subtypes in rats and mice. Br. J. Pharmacol.
101, 667–673. doi: 10.1111/j.1476-5381.1990.tb14138.x
Blokland, A., Sik, A., and Lieben, C. (2005). Evaluation of DOI, 8-OH-DPAT,
eticlopride and amphetamine on impulsive responding in a reaction time task in
rats. Behav. Pharmacol. 16, 93–100. doi: 10.1097/00008877-200503000-00004
Carli, M., Baviera, M., Invernizzi, R. W., and Balducci, C. (2004). The sero-
tonin 5-HT2A receptors antagonist M100907 prevents impairment in atten-
tional performance by NMDA receptor blockade in the rat prefrontal cortex.
Neuropsychopharmacology 29, 1637–1647. doi: 10.1038/sj.npp.1300545
Carli, M., Baviera, M., Invernizzi, R. W., and Balducci, C. (2006). Dissocia-
ble contribution of 5-HT1A and 5-HT2A receptors in the medial prefrontal
cortex to different aspects of executive control such as impulsivity and com-
pulsive perseveration in rats. Neuropsychopharmacology 31, 757–767. doi:
10.1038/sj.npp.1300893
Carr, D. B., Cooper, D. C., Ulrich, S. L., Spruston, N., and Surmeier, D. J. (2002).
Serotonin receptor activation inhibits sodium current and dendritic excitability
in prefrontal cortex via a protein kinase C-dependent mechanism. J. Neurosci. 22,
6846–6855.
Carrasco, G. A., Van De Kar, L. D., Jia, C., Xu, H., Chen, Z., Chadda, R., et al.
(2007). Single exposure to a serotonin 1A receptor agonist, (+)8-hydroxy-2-(di-
n-propylamino)-tetralin, produces a prolonged heterologous desensitization of
serotonin 2A receptors in neuroendocrine neurons in vivo. J. Pharmacol. Exp.
Ther. 320, 1078–1086. doi: 10.1124/jpet.106.116004
Clarke, H. F., Dalley, J. W., Crofts, H. S., Robbins, T. W., and Roberts, A. C. (2004).
Cognitive inflexibility after prefrontal serotonin depletion. Science 304, 878–880.
doi: 10.1126/science.1094987
Clarke, H. F., Walker, S. C., Crofts, H. S., Dalley, J. W., Robbins, T. W., and Roberts,
A. C. (2005). Prefrontal serotonin depletion affects reversal learning but not
attentional set shifting. J. Neurosci. 25, 532–538. doi: 10.1523/JNEUROSCI.3690-
04.2005
Darmani, N. A., Martin, B. R., Pandey, U., and Glennon, R. A. (1990). Do functional
relationships exist between 5-HT1A and 5-HT2A receptors? Pharmacol. Biochem.
Behav. 36, 901–906. doi: 10.1016/0091-3057(90)90098-3
Dasari, S., Abramowitz, J., Birnbaumer, L., and Gulledge, A. T. (2013).
Do canonical transient receptor potential channels mediate cholinergic exci-
tation of cortical pyramidal neurons? Neuroreport 24, 550–554. doi:
10.1097/WNR.0b013e3283621344
Davies, M. F., Deisz, R. A., Prince, D. A., and Peroutka, S. J. (1987). Two distinct
effects of 5-hydroxytryptamine on single cortical neurons. Brain Res. 423, 347–
352. doi: 10.1016/0006-8993(87)90861-4
Feighner, J. P., and Boyer, W. F. (1989). Serotonin-1A anxiolytics: an overview.
Psychopathology 22(Suppl. 1), 21–26. doi: 10.1159/000284623
Fletcher, P. J., Tampakeras, M., Sinyard, J., and Higgins, G. A. (2007).
Opposing effects of 5-HT2A and 5-HT2C receptor antagonists in the rat
and mouse on premature responding in the five-choice serial reaction time
test. Psychopharmacology (Berl.) 195, 223–234. doi: 10.1007/s00213-007-
0891-z
Frontiers in Neural Circuits www.frontiersin.org August 2014 | Volume 8 | Article 97 | 15
Stephens et al. Activity-dependent serotonergic excitation of COM neurons
Foehring, R. C., van Brederode, J. F., Kinney, G. A., and Spain, W. J. (2002). Sero-
tonergic modulation of supragranular neurons in rat sensorimotor cortex. J.
Neurosci. 22, 8238–8250.
Geyer, M. A., Puerto, A., Menkes, D. B., Segal, D. S., and Mandell, A. J.
(1976). Behavioral studies following lesions of the mesolimbic and mesostri-
atal serotonergic pathways. Brain Res. 106, 257–269. doi: 10.1016/0006-8993(76)
91024-6
Geyer, M. A., and Vollenweider, F. X. (2008). Serotonin research: contribu-
tions to understanding psychoses. Trends Pharmacol. Sci. 29, 445–453. doi:
10.1016/j.tips.2008.06.006
Goldberg, H. L., and Finnerty, R. J. (1979). The comparative efficacy of buspirone
and diazepam in the treatment of anxiety. Am. J. Psychiatry 136, 1184–1187.
González-Maeso, J., and Sealfon, S. C. (2009). Psychedelics and schizophrenia.
Trends Neurosci. 32, 225–232. doi: 10.1016/j.tins.2008.12.005
Gulledge, A. T., Carnevale, N. T., and Stuart, G. J. (2012). Electrical advan-
tages of dendritic spines. PLoS ONE 7:e36007. doi: 10.1371/journal.pone.
0036007
Gulledge, A. T., Dasari, S., Onoue, K., Stephens, E. K., Hasse, J. M., and Avesar, D.
(2013). A sodium-pump-mediated afterhyperpolarization in pyramidal neurons.
J. Neurosci. 33, 13025–13041. doi: 10.1523/JNEUROSCI.0220-13.2013
Haj-Dahmane, S., and Andrade, R. (1996). Muscarinic activation of a voltage-
dependent cation nonselective current in rat association cortex. J. Neurosci. 16,
3848–3861.
Haj-Dahmane, S., and Andrade, R. (1999). Muscarinic receptors regulate two
different calcium-dependent non-selective cation currents in rat prefrontal
cortex. Eur. J. Neurosci. 11, 1973–1980. doi: 10.1046/j.1460-9568.1999.
00612.x
Harrison, A. A., Everitt, B. J., and Robbins, T. W. (1997). Central 5-HT deple-
tion enhances impulsive responding without affecting the accuracy of attentional
performance: interactions with dopaminergic mechanisms. Psychopharmacology
(Berl.) 133, 329–342. doi: 10.1007/s002130050410
Hattox, A. M., and Nelson, S. B. (2007). LayerV neurons in mouse cortex projecting
to different targets have distinct physiological properties. J. Neurophysiol. 98,
3330–3340. doi: 10.1152/jn.00397.2007
Hentschke, H., Schwarz, C., andAntkowiak, B. (2005). Neocortex is the major target
of sedative concentrations of volatile anaesthetics: strong depression of firing
rates and increase of GABAA receptor-mediated inhibition. Eur. J. Neurosci. 21,
93–102. doi: 10.1111/j.1460-9568.2004.03843.x
Hesselgrave, N., and Parsey, R. V. (2013). Imaging the serotonin 1A receptor using
[11C]WAY100635 in healthy controls and major depression. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 368, 20120004. doi: 10.1098/rstb.2012.0004
Higgins, G. A., Enderlin, M., Haman, M., and Fletcher, P. J. (2003). The 5-HT2A
receptor antagonist M100,907 attenuates motor and ‘impulsive-type’ behaviours
produced by NMDA receptor antagonism. Psychopharmacology (Berl.) 170, 309–
319. doi: 10.1007/s00213-003-1549-0
Jordan, S., Kramer, G. L., Zukas, P. K., Moeller, M., and Petty, F. (1994). In vivo
biogenic amine efflux in medial prefrontal cortex with imipramine, fluoxetine,
and fluvoxamine. Synapse 18, 294–297. doi: 10.1002/syn.890180404
Koot, S., Zoratto, F., Cassano, T., Colangeli, R., Laviola, G., Van Den Bos, R.,
et al. (2012). Compromised decision-making and increased gambling proneness
following dietary serotonin depletion in rats. Neuropharmacology 62, 1640–1650.
doi: 10.1016/j.neuropharm.2011.11.002
Koskinen, T., Ruotsalainen, S., Puumala, T., Lappalainen, R., Koivisto, E., Männistö,
P. T., et al. (2000). Activation of 5-HT2A receptors impairs response control of
rats in a five-choice serial reaction time task. Neuropharmacology 39, 471–481.
doi: 10.1016/S0028-3908(99)00159-8
Kruglikov, I., and Rudy, B. (2008). Perisomatic GABA release and tha-
lamocortical integration onto neocortical excitatory cells are regulated
by neuromodulators. Neuron 58, 911–924. doi: 10.1016/j.neuron.2008.
04.024
Lee, S., Hjerling-Leffler, J., Zagha, E., Fishell, G., and Rudy, B.
(2010). The largest group of superficial neocortical GABAergic interneurons
expresses ionotropic serotonin receptors. J. Neurosci. 30, 16796–16808. doi:
10.1523/JNEUROSCI.1869-10.2010
LeMarquand, D. G., Pihl, R. O., Young, S. N., Tremblay, R. E., Seguin, J. R., Palmour,
R. M., et al. (1998). Tryptophan depletion, executive functions, and disinhibi-
tion in aggressive, adolescent males. Neuropsychopharmacology 19, 333–341. doi:
10.1038/sj.npp.1395196
Lüscher, C., Jan, L.Y., Stoffel,M.,Malenka, R. C., andNicoll, R. A. (1997). G protein-
coupled inwardly rectifying K+ channels (GIRKs) mediate postsynaptic but not
presynaptic transmitter actions in hippocampal neurons. Neuron 19, 687–695.
doi: 10.1016/S0896-6273(00)80381-5
Martín-Ruiz, R., Puig, M. V., Celada, P., Shapiro, D. A., Roth, B. L., Mengod, G.,
et al. (2001). Control of serotonergic function in medial prefrontal cortex by
serotonin-2A receptors through a glutamate-dependent mechanism. J. Neurosci.
21, 9856–9866.
McCormick, D. A., and Williamson, A. (1989). Convergence and divergence of
neurotransmitter action in human cerebral cortex. Proc. Natl. Acad. Sci. U.S.A.
86, 8098–8102. doi: 10.1073/pnas.86.20.8098
Meltzer, H. Y., Matsubara, S., and Lee, J. C. (1989). Classification of typical and
atypical antipsychotic drugs on the basis of dopamine D-1, D-2 and serotonin2
pKi values. J. Pharmacol. Exp. Ther. 251, 238–246.
Morales, M., and Bloom, F. E. (1997). The 5-HT3 receptor is present in different
subpopulations of GABAergic neurons in the rat telencephalon. J. Neurosci. 17,
3157–3167.
Moreau, A. W., Amar, M., Le Roux, N., Morel, N., and Fossier, P. (2010). Sero-
toninergic fine-tuning of the excitation-inhibition balance in rat visual cortical
networks. Cereb. Cortex 20, 456–467. doi: 10.1093/cercor/bhp114
Morishima, M., and Kawaguchi, Y. (2006). Recurrent connection patterns of cor-
ticostriatal pyramidal cells in frontal cortex. J. Neurosci. 26, 4394–4405. doi:
10.1523/JNEUROSCI.0252-06.2006
Paxinos,G., and Franklin, K. B. J. (2004).TheMouse Brain in Stereotaxic Coordinates.
San Diego: Elsevier Academic Press.
Pedarzani, P., and Storm, J. F. (1993). PKA mediates the effects of monoamine trans-
mitters on the K+ current underlying the slow spike frequency adaptation in hip-
pocampal neurons. Neuron 11, 1023–1035. doi: 10.1016/0896-6273(93)90216-E
Portas, C. M., and McCarley, R. W. (1994). Behavioral state-related changes of
extracellular serotonin concentration in the dorsal raphe nucleus: a microdialysis
study in the freely moving cat. Brain Res. 648, 306–312. doi: 10.1016/0006-
8993(94)91132-0
Puig, M. V., Artigas, F., and Celada, P. (2005). Modulation of the activity of
pyramidal neurons in rat prefrontal cortex by raphe stimulation in vivo: involve-
ment of serotonin and GABA. Cereb. Cortex 15, 1–14. doi: 10.1093/cercor/
bhh104
Puig,M.V., Celada, P., Díaz-Mataix, L., andArtigas, F. (2003). In vivo modulation of
the activity of pyramidal neurons in the rat medial prefrontal cortex by 5-HT2A
receptors: relationship to thalamocortical afferents. Cereb. Cortex 13, 870–882.
doi: 10.1093/cercor/13.8.870
Puig, M. V., and Gulledge, A. T. (2011). Serotonin and prefrontal cortex func-
tion: neurons, networks, and circuits. Mol. Neurobiol. 44, 449–464. doi:
10.1007/s12035-011-8214-0
Puig, M. V., Santana, N., Celada, P., Mengod, G., and Artigas, F. (2004).
In vivo excitation of GABA interneurons in the medial prefrontal cortex
through 5-HT3 receptors. Cereb. Cortex 14, 1365–1375. doi: 10.1093/cercor/
bhh097
Puig, M. V., Watakabe, A., Ushimaru, M., Yamamori, T., and Kawaguchi, Y. (2010).
Serotonin modulates fast-spiking interneuron and synchronous activity in the
rat prefrontal cortex through 5-HT1A and 5-HT2A receptors. J. Neurosci. 30,
2211–2222. doi: 10.1523/JNEUROSCI.3335-09.2010
Robbins, T.W., andRoberts,A. C. (2007). Differential regulation of fronto-executive
function by the monoamines and acetylcholine. Cereb. Cortex 17(Suppl. 1), i151–
i160. doi: 10.1093/cercor/bhm066
Sakai, K., and Crochet, S. (2001). Differentiation of presumed serotonergic dorsal
raphe neurons in relation to behavior and wake-sleep states. Neuroscience 104,
1141–1155. doi: 10.1016/S0306-4522(01)00103-8
Santana, N., Bortolozzi, A., Serrats, J., Mengod, G., and Artigas, F. (2004).
Expression of serotonin1A and serotonin2A receptors in pyramidal and GABAer-
gic neurons of the rat prefrontal cortex. Cereb. Cortex 14, 1100–1109. doi:
10.1093/cercor/bhh070
Spain, W. J. (1994). Serotonin has different effects on two classes of Betz cells from
the cat. J. Neurophysiol. 72, 1925–1937.
Tanaka, E., and North, R. A. (1993). Actions of 5-hydroxytryptamine on neurons of
the rat cingulate cortex. J. Neurophysiol. 69, 1749–1757.
Tauscher, J., Bagby, R. M., Javanmard, M., Christensen, B. K., Kasper, S.,
and Kapur, S. (2001). Inverse relationship between serotonin 5-HT1A recep-
tor binding and anxiety: a [11C]WAY-100635 PET investigation in healthy
Frontiers in Neural Circuits www.frontiersin.org August 2014 | Volume 8 | Article 97 | 16
Stephens et al. Activity-dependent serotonergic excitation of COM neurons
volunteers. Am. J. Psychiatry 158, 1326–1328. doi: 10.1176/appi.ajp.158.
8.1326
Troca-Marín, J. A., and Geijo-Barrientos, E. (2010). Inhibition by 5-HT
of the synaptic responses evoked by callosal fibers on cortical neurons
in the mouse. Pflugers. Arch. 460, 1073–1085. doi: 10.1007/s00424-010-
0875-4
Van Brederode, J. F., and Snyder, G. L. (1992). A comparison of the electro-
physiological properties of morphologically identified cells in layers 5B and 6
of the rat neocortex. Neuroscience 50, 315–337. doi: 10.1016/0306-4522(92)
90426-3
Vázquez-Borsetti, P., Cortés, R., and Artigas, F. (2009). Pyramidal neurons in
rat prefrontal cortex projecting to ventral tegmental area and dorsal raphe
nucleus express 5-HT2A receptors. Cereb. Cortex 19, 1678–1686. doi: 10.1093/cer-
cor/bhn204
Villalobos, C., Béïque, J. C., Gingrich, J. A., and Andrade, R. (2005). Serotonergic
regulation of calcium-activated potassium currents in rodent prefrontal cortex.
Eur. J. Neurosci. 22, 1120–1126. doi: 10.1111/j.1460-9568.2005.04307.x
Villalobos, C., Foehring, R. C., Lee, J. C., and Andrade, R. (2011). Essential role for
phosphatidylinositol 4,5-bisphosphate in the expression, regulation, and gating
of the slow afterhyperpolarization current in the cerebral cortex. J. Neurosci. 31,
18303–18312. doi: 10.1523/JNEUROSCI.3203-11.2011
Vollenweider, F. X., Vollenweider-Scherpenhuyzen, M. F., Bäbler, A., Vogel, H., and
Hell, D. (1998). Psilocybin induces schizophrenia-like psychosis in humans via
a serotonin-2 agonist action. Neuroreport 9, 3897–3902. doi: 10.1097/00001756-
199812010-00024
Weber, E. T., and Andrade, R. (2010). Htr2a gene and 5-HT2A receptor expression
in the cerebral cortex studied using genetically modified mice. Front. Neurosci.
4:36. doi: 10.3389/fnins.2010.00036
We¸dzony, K., Chocyk, A., and Mac´kowiak, M. (2008). A search for colocaliza-
tion of serotonin 5-HT2A and 5-HT1A receptors in the rat medial prefrontal
and entorhinal cortices–immunohistochemical studies. J. Physiol. Pharmacol. 59,
229–238.
Williams, G. V., Rao, S. G., and Goldman-Rakic, P. S. (2002). The phys-
iological role of 5-HT2A receptors in working memory. J. Neurosci. 22,
2843–2854.
Willins, D. L., Deutch, A. Y., and Roth, B. L. (1997). Serotonin 5-HT2A receptors
are expressed on pyramidal cells and interneurons in the rat cortex. Synapse 27,
79–82. doi: 10.1002/(SICI)1098-2396(199709)27:1<79::AID-SYN8>3.0.CO;2-A
Willins,D. L., andMeltzer,H.Y. (1997). Direct injection of 5-HT2A receptor agonists
into the medial prefrontal cortex produces a head-twitch response in rats. J.
Pharmacol. Exp. Ther. 282, 699–706.
Winstanley, C. A., Chudasama, Y., Dalley, J. W., Theobald, D. E., Glennon, J. C.,
and Robbins, T. W. (2003). Intra-prefrontal 8-OH-DPAT and M100907 improve
visuospatial attention and decrease impulsivity on the five-choice serial reaction
time task in rats. Psychopharmacology (Berl.) 167, 304–314. doi: 10.1007/s00213-
003-1398-x
Winstanley, C. A., Dalley, J. W., Theobald, D. E., and Robbins, T. W. (2004a). Frac-
tionating impulsivity: contrasting effects of central 5-HT depletion on different
measures of impulsive behavior. Neuropsychopharmacology 29, 1331–1343. doi:
10.1038/sj.npp.1300434
Winstanley, C. A., Theobald, D. E., Dalley, J. W., Glennon, J. C., and Robbins,
T. W. (2004b). 5-HT2A and 5-HT2C receptor antagonists have opposing
effects on a measure of impulsivity: interactions with global 5-HT deple-
tion. Psychopharmacology (Berl.) 176, 376–385. doi: 10.1007/s00213-004-
1884-9
Worbe, Y., Savulich, G., Voon, V., Fernandez-Egea, E., and Robbins, T. W. (2014).
Serotonin depletion induces ’waiting impulsivity’on the human four-choice serial
reaction time task: cross-species translational significance. Neuropsychopharma-
cology 39, 1619–1626. doi: 10.1038/npp.2013.351
Yan, H. D., Villalobos, C., and Andrade, R. (2009). TRPC channels mediate a
muscarinic receptor-induced afterdepolarization in cerebral cortex. J. Neurosci.
29, 10038–10046. doi: 10.1523/JNEUROSCI.1042-09.2009
Yuen, E. Y., Jiang, Q., Chen, P., Feng, J., and Yan, Z. (2008). Activation of 5-HT2A/C
receptors counteracts 5-HT1A regulation of n-methyl-D-aspartate receptor chan-
nels in pyramidal neurons of prefrontal cortex. J. Biol. Chem. 283, 17194–17204.
doi: 10.1074/jbc.M801713200
Zhang, Y., D’souza, D., Raap, D. K., Garcia, F., Battaglia, G., Muma, N. A.,
et al. (2001). Characterization of the functional heterologous desensitization of
hypothalamic 5-HT1A receptors after 5-HT2A receptor activation. J. Neurosci. 21,
7919–7927.
Zhang, Z. W. (2003). Serotonin induces tonic firing in layer V pyramidal neu-
rons of rat prefrontal cortex during postnatal development. J. Neurosci. 23,
3373–3384.
Zhang, Z. W., and Arsenault, D. (2005). Gain modulation by serotonin in pyra-
midal neurones of the rat prefrontal cortex. J. Physiol. 566, 379–394. doi:
10.1113/jphysiol.2005.086066
Zhong, P., and Yan, Z. (2011). Differential regulation of the excitability of pre-
frontal cortical fast-spiking interneurons and pyramidal neurons by serotonin
and fluoxetine. PLoS ONE 6:e16970. doi: 10.1371/journal.pone.0016970
Zhong, P., Yuen, E. Y., and Yan, Z. (2008). Modulation of neuronal excitability
by serotonin-NMDA interactions in prefrontal cortex. Mol. Cell. Neurosci. 38,
290–299. doi: 10.1016/j.mcn.2008.03.003
Zifa, E., and Fillion, G. (1992). 5-Hydroxytryptamine receptors. Pharmacol. Rev. 44,
401–458.
Conflict of Interest Statement:The authors declare that the researchwas conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.
Received: 16 April 2014; accepted: 29 July 2014; published online: 26 August 2014.
Citation: Stephens EK, Avesar D and Gulledge AT (2014) Activity-dependent seroton-
ergic excitation of callosal projection neurons in the mouse prefrontal cortex. Front.
Neural Circuits 8:97. doi: 10.3389/fncir.2014.00097
This article was submitted to the journal Frontiers in Neural Circuits.
Copyright © 2014 Stephens, Avesar and Gulledge. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.
Frontiers in Neural Circuits www.frontiersin.org August 2014 | Volume 8 | Article 97 | 17
